Background and Purpose-The mechanism of reorganization after stroke remains uncertain. Several studies that have measured reaction time (RT) delay by transcranial magnetic stimulation (TMS) have revealed some substrates responsible for the reorganization of motor recovery. In this study, we evaluated the RT delay and inhibitory functions by examining the silent period (SP) in the primary motor cortex (M1) and premotor cortex (PMC) of the affected hemisphere. Using these data, we investigated whether a change in the inhibitory system might influence motor recovery. Methods-This study was performed in 20 patients with chronic subcortical stroke. To evaluate the RT delay, TMS was applied to the affected hemisphere 100 ms after showing the cue that indicated paretic finger movement. The SP was induced by TMS over the affected hemisphere during voluntary contraction of the paretic hand. Results-The RT delays of the PMC were more prominent in patients with greater disability. The ratio of SP duration to RT delay in the PMC decreased with the decline in motor function. Moreover, upper arm function was better than hand function in patients with a decreased SP in the PMC. Conclusions-The inhibitory function of the PMC was disturbed in patients with poor motor function. Stroke patients with poor motor ability appeared to depend not only on the motor pathway from M1 but also on other parallel motor circuits to move the paretic side. However, this brain reorganization might result in the sacrifice of function of the affected hand.
F unctional imaging techniques have revealed a negative correlation between activation of secondary motor networks and motor function after stroke. 1, 2 The role of the ipsilesional primary motor cortex (M1) is undoubtedly important for recovery of the affected hand 1, 3 ; however, it remains uncertain whether the activation of a motor-related area outside the ipsilesional M1 contributes to a maladaptive change or true recovery. 4 -6 In recent studies, reaction time (RT) delays induced by transcranial magnetic stimulation (TMS) have been considered for revealing the sites that contribute to motor recovery after stroke. 3, 7, 8 TMS temporarily delays but does not distort the execution of a motor command stored in strategically placed neurons within the neural substrate that is responsible for the motor response. 9 Therefore, a site where an RT delay was induced by TMS when a subject moved the paretic hand could be interpreted as the site contributing to motor recovery.
In this study, we investigated the correlation between RT delay and silent period (SP) duration in the M1 and premotor cortex (PMC) of the affected hemisphere. It has been reported that SP duration is considered to reflect an inhibitory function of cortical origin 10, 11 and that RT delay is correlated with SP duration in healthy subjects. 10, 12, 13 However, we hypothesized that the SP duration in stroke patients might decrease compared with the RT delay at a site that contributed to the reorganization of the brain, particularly if this site was outside the M1. This hypothesis was formulated because several studies reported that a reduction in inhibitory function contributed to cortical plasticity. 4, 14 In addition, we examined the correlation between the SP of the PMC and motor recovery to study whether a change in the inhibitory system of the PMC influences reorganization in the hand and upper arm regions of the cortex.
Subjects and Methods
The study population comprised 20 patients with a first-time ischemic subcortical stroke (Table 1 ). They were tested at a minimum of 6 months after stroke. Visual perceptions of all patients were within normal limits, and their Mini-Mental State Examination scores were normal. They had either mild or no spasticity (modified Ashworth scale). 15 Motor function was evaluated by the upper limb subset of the Fugl-Meyer scale (FMS). 16 The upper limb subset of the FMS (66 points) is divided into the upper arm subset (42 points) and the hand subset (24 points). All subjects gave their written, informed consent, and the experimental protocol was approved by the local ethics committee of Hokkaido University Graduate School of Medicine.
Electromyographic (EMG) activity was recorded with Ag-AgCl electrodes positioned in a belly tendon montage on the skin overlying the first dorsal interosseous (FDI) muscle. The signal was amplified, filtered (50 to 2000 Hz), and digitized at a sampling rate of 5000 Hz for off-line analysis (Neuropack; Nihon Koden, Tokyo, Japan). A Magstim 200 stimulator (Magstim Co, Dyfed, UK) connected to a figure-of-8 magnetic coil was used for TMS. The coil was placed tangentially over the M1 at an optimal site for the FDI muscle. The optimal site was defined as the location where stimulation of a slightly suprathreshold intensity elicited the largest motor-evoked potentials in the FDI muscle. The resting motor threshold (rMT) was measured at the optimal site and was defined as the lowest stimulator output that could elicit motor-evoked potentials with peak-to-peak amplitudes Ͼ50 V in at least half of 10 trials.
The RT experimental paradigm was displayed on a screen with the use of Labview (National Instruments, Austin, Tex). Each patient was comfortably seated in an armchair, 60 cm in front of a computer screen positioned at eye level. After a training session (3 blocks of 25 trials each), each participant was instructed to perform index-finger flexion movements as quickly as possible in response to a randomly (5-to 9-second) displayed "go" signal. TMS was delivered 100 ms after the "go" signal; its intensity was 80% of the maximum stimulator output. The order of stimulating the sites under examination (the M1, the PMC, and a sham stimulation) was randomized within and across subjects. We calculated 8% of the distance between the nasion and inion for each subject (typically, it was Ϸ2.8 cm) and defined the PMC area as the area corresponding to this distance anterior to the optimal site. 17, 18 As a control for the specific effect of TMS, sham stimuli were applied with the Magstim coil perpendicular to the scalp at the vertex. Each block of stimuli consisted of 25 trials and was separated by 2-minute intervals to avoid fatigue. The RT was defined as the time interval between the "go" signal and the onset of the EMG burst (defined as the time when the EMG amplitude exceeded the mean value ϩ3 SDs of the EMG amplitude in the 100 ms preceding the "go" signal). The RT at each site was determined for 25 averaged responses. In addition, the RT delay at each site was defined as the difference between the RT at each site and the RT in the case of sham stimulation.
We examined the SP duration of FDI muscle activity evoked by TMS at an intensity of 80% of the maximum stimulator output, during 20% of the maximal voluntary contraction of FDI muscle, and with visual feedback of muscle activity. Moreover, we used a stimulus at 130% of the rMT to exclude the possibility that a stimulus at a fixed level of stimulator output could not completely activate the inhibitory neurons in patients with a high rMT. The SP duration was measured in a single-trial EMG as the duration between TMS stimulus and the first recurrence of a sustained, voluntary EMG. The mean of 5 trials was used for further analysis. We excluded 6 patients who did not display the SP phenomenon from the SP study section, ie, an SP was not induced during tonic contraction, even with 100% stimulator output. For comparison of the SP duration relative to the RT delay at each site, the ratio of SP to RT was defined as SP duration/RT delay. Because RT delay was correlated with SP duration, 10, 12, 13 the disturbance of the inhibitory system increased with a decrease in the ratio of SP to RT. The RT delay induced by TMS was analyzed by repeated-measures ANOVA followed by a post hoc analysis with Scheffe's F test. Possible correlations among the various parameters were determined with Pearson's correlation coefficient test.
Results
The rMT of the patients with stroke was 65.1Ϯ4.3%. It tended to be higher in patients with poor recovery than in those with good motor performance. However, no significant correlation was observed between the rMT and FMS score (rϭϪ0.430, Pϭ0.059). Figure 1 shows the raw data for the RTs and SP durations in individual patients with good and poor motor function. Figure 2 shows the results of the RT delay that was induced after TMS over each site in the 20 patients. A repeated-measures ANOVA revealed a significant difference among RT delays at the stimulation sites [F (2, 38)ϭ44.10, PϽ0.001]. Post hoc testing revealed that an increase in RT was apparent in the M1 and PMC when compared with the RT induced after sham stimulation (M1 PϽ0.001, PMC PϽ0.001). The RT delay was significantly associated with the SP in the M1 (rϭ0.934, PϽ0.001), but the RT delay was not significantly associated with the SP in the PMC (rϭ0.272, Pϭ0.347). Table 2 shows correlations between motor function and the electrophysiologic data. The RT delay of the PMC was negatively correlated with the FMS score (rϭϪ0.787, PϽ0.001; Figure 3a ). However, the RT delay of the M1 was not correlated with the FMS score. The ratio of SP to RT in the M1 was not significantly associated with the FMS score. However, the ratio of SP to RT in the PMC was significantly associated with the FMS score (at fixed power, rϭ0.563, Pϭ0.036, Figure 3b ; at 130% rMT, rϭ0.595, Pϭ0.025). This result indicated that compared with the RT delay, the SP of the PMC decreased with the decline in motor function. Moreover, the decreased ratio of SP to RT in the PMC was Figure 1 . Examples of the raw data. a, A patient with good motor function and (b) a patient with poor motor function. TMS over the M1 induced an RT delay in individual patients with good and poor motor function. However, the RT delay of the PMC was more prominent in patients with poor motor function than in those with good motor function. Compared with the RT delay, the SP duration of the PMC was shorter in patients with poor motor function than in patients with good motor function. correlated negatively with the ratio of the upper arm subset to the hand subset of the FMS (at fixed power, rϭϪ0.704, Pϭ0.005, Figure 3c ; at 130% rMT, rϭϪ0.689, Pϭ0.006).
Discussion
The RT delays after TMS over the ipsilesional PMC were more prominent in patients with greater disability. In contrast, patients with good motor function demonstrated normal RT delay patterns of the paretic hand similar to those in healthy controls; RT delays induced by TMS were found in the contralateral M1 but not in the PMC. 13, 19 These results indicated that the patients with good motor function had normal activation patterns during their hand movements because control from the PMC was either less important or suppressed. However, in patients with poor motor function, the motor control of the affected hand was dependent on the motor pathway from not only the M1 but also the PMC. This finding is consistent with that of a neuroimaging study that reported a negative correlation between motor function and multiple motor-related activations. 1, 2 From another viewpoint, simple movements performed after stroke may require extensive motor cortical activity, similar to that associated with the more complex movements of "choice reaction time" of healthy controls. Other studies have noted that TMS over the contralateral PMC can induce RT delays during choice reactions of healthy controls. 19, 20 In healthy controls, a correlation between SP duration and RT delay has been noted. 10, 13 This study also demonstrated a positive correlation between SP duration and RT delay of the affected M1 areas in stroke patients. However, in the PMC, SP duration was not correlated with RT delay, and we found that, compared with the RT delays, the SP durations of the PMC decreased with the decline in motor function. It has been postulated that the SP may reflect ␥-aminobutyric acidergic inhibition of the cerebral cortex. 10, 21 Several studies have reported that the loss of perilesional ␥-aminobutyric acidergic inhibition contributes to the reorganization of the brain after stroke. This occurs by the unmasking of preexciting, functionally latent neural networks around the lesion and by an increased excitatory neurotransmitter release via removal of the inhibition of excitatory inputs. 4, 14 The decreased SP duration in patients with poor motor function might reflect a disturbance in inhibitory function and the unmasking of latent excitatory connections in the PMC. Furthermore, this decreased SP duration of the PMC showed a negative correlation with relatively good function of the upper arm when compared with that of the hand. The projections from the PMC to the spinal cord are known to be less numerous and less excitatory than those from the M1. 22, 23 Moreover, the projections from the PMC are more concerned with the control of muscle movements of the upper arm. 24, 25 Regarding reorganization, it has been reported that hand and upper arm regions compete for areas within the cortex. 26 Considering these findings, the excitability that is unevenly distributed in the upper arm due to weak inhibitory function of the PMC might cause poor reorganization of the cortex that controls the hand. This hypothesis is consistent with the fact that the function of the upper arm was better than that of the hand in chronic stroke patients. 26, 27 We observed that the SP duration of the PMC by stimulation at a fixed level of stimulator output was relatively decreased compared with the RT delay in patients with poor motor function. However, there is a possibility that fixedpower stimulation did not completely activate inhibitory neurons in patients with poor motor function after stroke. In these patients, the rMT was often high; therefore, to overcome this problem, we used 130% of the rMT as the stimulus while studying SP duration. The SP duration of the PMC by 130% of rMT stimulation, compared with the RT delays, decreased with the decline in motor function, as well as fixed-power stimulation. This result suggested that the decrease in SP duration of the PMC in these patients (poor motor function after stroke) was a peculiar epiphenomenon and did not occur due to insufficient stimulation power. The RT delay induced by fixed-power stimulation of the PMC was more prominent in patients with greater disability, who often had a high rMT. The power of the TMS had a positive correlation with RT delay. 10, 13 It was considered that stimulation with 130% of the rMT might be more powerful and induce more prolonged RT delays in patients with poor motor function than those induced by fixed-power stimulation. Similarly, it was thought that the ratio of SP to RT in the PMC would have a more significant correlation with motor function, because the ratio of SP that was compared with the more prolonged RT delay after stimulation with 130% of the rMT might decrease more than fixed-power stimulation in patients with poor motor function. Because there was no possibility that an RT study with a stimulation of 130% of the rMT would have an outcome different from that obtained by the study with fixed-power stimulation, we did not conduct an RT study at 130% of the rMT.
Several studies have reported that the ipsilesional dorsal premotor cortex (PMd), particularly that in the PMC, plays an important role in motor recovery after stroke. 1, 7 We did not stimulate the PMC by specifying the PMd in this study. Therefore, to enhance understanding of the role of the PMC in poststroke motor recovery, further studies are required to accurately stimulate the PMd by a stereotactic system integrated with magnetic resonance imaging data.
In conclusion, it appears that patients with poor motor function may use motor-related regions such as the PMC to move the paretic side. Disinhibition of the ipsilesional PMC might partly contribute to the reorganization of the brain in stroke patients with poor motor function. However, large-scale reorganization outside the ipsilesional M1 is a lengthy process that never results in complete recovery. Figure 3 . a, The RT delay of the PMC is negatively correlated with FMS score (rϭϪ0.787, PϽ0.001). b, The ratio of SP to RT in the PMC had a significant correlation with the FMS score (rϭ0.563, Pϭ0.036). (c) The ratio of SP to RT in the PMC had a negative correlation with the ratio of the upper arm subset to the hand subset of the FMS (rϭϪ0.704, Pϭ0.005).
